Pavement condition data are collected by agencies to support pavement management system (PMS) for decision-making purpose as well as to construct performance model. e cost of pavement data collection increases with the increase of survey frequencies.
Introduction
Pavement condition data are collected periodically by agencies and are used to construct pavement performance models, perform cost-e ectiveness analysis, conduct maintenance, rehabilitation analysis, etc. Due to limited budgets and di erent response requirements, agencies monitor pavement condition at 1-, 2-or 3-year frequencies [1] . IRI (international roughness index) and rut depth data are not recommended to be collected annually on county roads for lower tra c volumes [2] . IRI is widely accepted and used for evaluating pavement condition, establishing performance models and performing cost-e ectiveness analysis of maintenance strategies [3] [4] [5] [6] . However, it is proved that IRI cannot be a unique predictor of pavement condition ratings with 41% of the variation in PCI (pavement condition index) remains unaccounted by IRI [7] . Haider et al. found that more frequent data collection for image-based methods (for PCI collection) can reduce the associated risk in performance prediction and thus be more e ective for better decision making for pavement management [8] . As PCI is an image based index, the accuracy of PCI mainly depends on the image quality. Moreover, systematic and random errors can highly distort some output parameters of PMS (pavement management system), even in error ranges that may be considered acceptable in practice [9] . IRI and PCI are two common used performance indices to characterize pavement performance at both network-level and project-level for both urban roads and highways [5, 6, [9] [10] [11] [12] .
IRI is calculated from surface pro le in longitudinal direction by the quarter-car model [28] . PCI is calculated by pavement distress ratio, which is a function of types of distresses, severity levels and weight. e range of PCI is from 0 to 100, with 100 indicating a pavement surface is free of distress. IRI is also the most frequently collected pavement condition data by highway agencies in the United States [14, 15] . erefore, many studies utilized IRI to construct performance models and perform further analyses [13, 16] . It is necessary for highway agencies to understand the source of errors for IRI and its in uence on performance evaluation. Some of the previous studies were conducted to investigate the source of uncertainty on IRI from the perspectives of collection and calculation methods [17] [18] [19] [20] [21] . And some of other studies even questioned the use of this index for road quality evaluation [22, 23] .
Besides data accuracy, the number of data samples is also responsible for the reliability of performance prediction. e number of data samples is associated with the pavement monitoring frequencies. Haider et al. found that the frequency of condition data collection has a signi cant e ect on the performance prediction, higher variability in the data will introduce higher Squared Error (SE) in the tted model, and data collection frequency can be decreased with higher data accuracy [24] . Xu and Tsai studied the in uence of equal time interval and unequal time interval under the same monitoring frequency on prediction of pavement service life, they found the estimated accuracy of pavement service life would be signi cantly improved for unequal interval monitoring ways compared to that of equal interval monitoring ways under the same monitoring frequency [25, 26] .
Subject to di erent tra c conditions, data survey methods of urban roads and highways are di erent. Highway performance indices including IRI, PCI, and RDI are investigated during the daytime with high speed. However, IRI surveys for urban roads have to be done during the night to avoid tra c congestions, and PCI surveys have to be done at a low speed during the daytime. e agencies need to understand how the di erence in data collection frequencies may in uence the pavement performance model. With this knowledge, agencies can optimize the data collection plans. us they can reduce the frequency without compromising the preciseness and accuracy of analysis. e objective of this study is to compare the in uence of data collection frequency on performance models of urban roads and highways. Pavement condition index (PCI), international roughness index (IRI) are utilized for constructing the performance models. As performance models have the potential to change to di erent deterioration rate with the changes in data collection method, history data collected by the same instrument are used in this paper.
Data Preparation

Pavement Condition Data. Road Administration Bureau
of Shanghai has been collecting pavement condition data at the network level since 2004. By the end of 2017, the total number of urban road sections managed had been 5225, covering 4,873.361 km, and the total number of highways managed had been 9446, covering 13,292.397 km. Urban roads are classi ed into four di erent types, consisting of high-speed, arterial road, subsidiary road, and branch roads, depending on the speed limits, geometrics, etc. High-speed and arterial roads are surveyed and evaluated annually; the survey round of subsidiary and branch roads take 3 years. Highways are classi ed into four di erent types, consisting of high-speed, grade-one, grade-two, and grade-three. e maintenance action may signi cantly change the shape of performance models. erefore, only sections with no rehabilitation records are selected in this study. However, due to the lack of routine maintenance records, it is hard to determine whether there are routine maintenance activities during the entire monitoring period. So, the change of performance condition index within these sections may be caused by either routine maintenance or test errors. In order to perform the time-series analyses, sections with monitoring period of at least 8 years and the number of surveys for at least 4 were selected to include su cient sample data for analysis. Finally, 14 urban road sections and 11 highway sections were selected from the two databases of Pavement Management Systems (PMSs). Table 1 lists the inventory of the selected pavement sections. e detailed data are listed in the tables of the appendix (Tables 2-5 ).
Besides, we selected 2922 road sections in LTPP database to study this in uence on IRI. 2518 sections unable to re ect performance decay are removed as the IRI value has been below two throughout the data collection cycle or the amount of data is less than three.
Performance
Model. Commonly used linear relationship and exponential function [27] are considered due to its simpli ed form and the short time span data in this study. In linear model, slope indicates the general change of performance index over ages. In terms of PCI, slope less than zero indicates PCI decreases as the pavement age increases. In terms of IRI, slope greater than zero indicates IRI increases as the pavement age increases. In this study, linear model is expressed in Equation (1), exponential function is expressed in Equation (2).
where k is the slope and c is the intercept of the performance model.
where, a and b are the coe cients of performance model; Age represents pavement age.
Influence of Data Collection Frequency on Performance Model
Square Performance Model of IRI.
Changes of square of IRI models for urban roads and highways are shown in Figure 1 .
Figures 1(a) and 1(b) show square values of IRI models for urban roads are all lower than 0.5, and positive and negative correlations are half-and-half. ere seems no regular pattern for urban roads, and the nonlinearity of the pavement condition data is visible. Figures 1(c) and 1(d) show that square values of IRI models for highway increase with the decrease of collection frequency with higher original square value, but get an inverse trend with lower original R square value. Figures 1(e) and 1(f) show that mostly square values of IRI models increase with the decrease of collection frequency, which may be due to the amount of the data. Figure 1 also illustrates square values have little di erence between linear or exponential models. So only linear model is selected for further trend study.
(1) = ⋅ g + , imply that the slopes of the linear models determined by original collection frequency may be higher than reduced collection frequency, which means reduction of data collection frequency may lead to an underestimation of pavement roughness condition. Figures 2(c) and 3(c) show an inverse trend that the slopes of the linear models determined by original collection frequency is lower than reduced collection frequency. Although data with the max IRI value below two are removed, most road sections from LTTP data have a good level of roughness, which is di erent from the data from PMS of Shanghai. e performance rate of IRI change of urban roads is more discrete than the performance rate change of highways, which indirectly re ects the limitations of IRI data in urban road applications.
Performance Deterioration
R Square for Performance Model of PCI.
Changes of square of PCI models for urban roads and highways are shown in Figure 4 . e spots above the equity line indicate square value increased by reducing the collection frequency, whereas those spots below the equity line indicate the contrary trend.
Seen from Figure 4 , the changes of square values of linear and exponential models are similar for both urban roads and highways. e square values increased with the decrease of collection frequency with higher original square value (i.e., square greater than 0.5). And there is no consistent trend of values with lower original square value (i.e., square less than 0.5), which implies there is no obvious in uence of collection frequency on construction of performance model with lower original square value. is means the increase of data samples may decrease square depending on data variability, the decrease of collection frequency may not necessarily compromise the precision and accuracy of performance model. Comparing the data with higher original square value to the data with lower original square value, it is indicated that ensuring the data quality is much more necessary than increasing the collection frequency for pavement performance models construction. It was also found that there was no signi cant change of square between two models (linear model and exponential model).
For urban roads, performance model of PCI based on higher frequency is more proper for a certain project with clear maintenance history but may be inappropriate for net level management. For performance model construction and evaluation on average condition in a certain area, data collection frequency can be reduced to 2-3 years. Journal of Advanced Transportation 4 deterioration trend underestimated, there might be delay of maintenance activities, so frequency of PCI data collection for main urban roads should not be reduced. e performance rate change of urban roads is more discrete than the performance rate change of highways, which also re ects the worse data quality of urban roads compared to highways.
Discussions and Conclusions
To evaluate the in uence of di erent pavement monitoring frequencies on the accuracy of pavement performance models, 14 urban roads and 11 highways selected from PMSs of Shanghai and 404 road sections from LTPP database were investigated. e performance models with reduced monitoring frequencies and original frequencies were compared for the analysis. Based on the analyses above, several conclusions can be summarized as below:
(1) e in uence of data collection frequency on the accuracy and preciseness of performance models depends on the variability of raw data. With low variability, the decrease of collection frequency may not necessarily a ect the performance model. e reliability of performance model (RPM) of urban roads (Figure 4(a) ) is more discrete than the RPM of highways (Figure 4(b) ), which may be due to the higher frequency of routine maintenance on some speci c roads or data errors due to survey condition.
Performance Deterioration Trend of PCI. Figures 5 and 6
illustrated the results of matched pair tests for the slopes and the intercepts of the linear models of PCI for original collection frequency and reduced collection frequency. e slope indicated the general trend of change of performance index. e average value of means, the average value of di erences, the 95% upper bond and the 95% lower bond are marked with red dotted line in Figures 5 and 6 .
Seen from Figures 5 and 6 , results indicate that the slopes of the linear models determined by original collection frequency are not signi cantly lower than the slopes of the linear models determined by reduced collection frequency for both urban roads and highways. Since zero values are within 95% con dent interval, the general deterioration rate of the performance model may be slightly changed by reducing the collection frequency.
However, there is possibility that the performance deterioration rates of urban roads are underestimated by decreasing the collection frequency (Figures 5(a) and 6(a) ). With the Journal of Advanced Transportation 6 should be rescheduled according to pavement conditions. (6) Comparing with IRI, PCI seems less sensitive to collection frequency. erefore, a decrease of collection frequency for PCI of highways may be considered, more work should be done to ensure the PCI data quality, thus to guarantee the rationality of maintenance decisions. However, for a certain project, routine maintenance and condition indices data collection may need higher frequency.
is paper presented a comparative analysis of urban roads and highways, by analyzing the in uence of collection frequency on the performance model based on historical data at the network level PMS application, to nd the di erence between urban roads and highways management. An increase in sample rates is necessary when the current data collection plan results in high variability of the performance model, whereas a decrease in sample rate is recommended when the general trend of the performance model is stable with low variability. One should also be aware that some of the ndings in this paper are established based on datasets in certain area (Shanghai of China), which may not be applicable to other areas.
(2) For urban roads, performance model of PCI based on higher frequency is more proper for a certain project with clear maintenance history but may be inappropriate for net level management. And for performance model construction and evaluation on average condition in a certain area, data collection frequency can be reduced to 2-3 years. (3) For both urban roads and highways, the decrease of collection frequency may underestimate the deterioration rates of IRI while may not necessarily in uence the general trend of PCI of highways. Ensuring the data quality of PCI seems much more necessary than increasing the collection frequency for pavement performance models construction. (4) e performance rates of IRI change of urban roads is more discrete than the performance rate change of highways, which is consistent with PCI. Besides, IRI data of urban roads seem unreliable in the time dimension, which means urban roads are not suitable for IRI model construction. (5) E ect of frequency reduction on IRI models with higher values seems greater than on IRI models with lower values, which means collection frequency 
